H 2 -reduced rutile-TiO 2 xerogel (Ti-700), obtained via the sol-gel process, was found to strongly adsorb the Ni(II)-5,10,15,20-tetrakis(4-carboxyphenyl)-porphyrin (NiTCPP) from a methanolic solution, despite its very low specific surface area (S BET  2 m 2 g -1 ).
Introduction
Photocatalytic degradation of pollutants on the surface of TiO 2 has been intensively studied as a way to solve environmental problems relating to wastewater and polluted air [1] [2] [3] . Anatase and rutile are the most commonly used crystalline structures of TiO 2 .
Anatase shows a higher photocatalytic activity, which is usually attributed to its higher specific surface area and its favourable band gap energy (E g ) [4] . However, its large band gap (E g  3.2 eV) requires the use of UV light ( ≤ 380 nm) to inject electrons into the conduction band (TiO 2 (e -CB )) and to leave holes in the valence band (TiO 2 (h + VB )) [5] . This limits the use of sunlight or visible light as an irradiation source in photocatalytic reactions on anatase-TiO 2 . The lower band gap energy of rutile-TiO 2 (E g  3.02 eV) allows rutile to potentially absorb more solar energy than anatase [6] .
However, the anatase-to-rutile phase transition leads to the collapse of the TiO 2 specific surface area [7] , resulting in a decrease in photocatalytic activity [1, [8] [9] [10] [11] . Low specific surface area and therefore low adsorption capacity lead to strong limitations in exploiting the photocatalytic activity of rutile. However, rutile-TiO 2 has some advantages over anatase-TiO 2 such as a higher refractive index, a higher dielectric constant, a higher electrical resistance and a higher chemical stability [12] .
Several studies have recently been performed to enhance the photocatalytic activity of rutile-TiO 2 through modification of its surface via thermal or chemical treatment. On the one hand, Mohamed et al. [13] obtained a good activity in the photocatalytic degradation of methylene blue (MB) dye under visible light irradiation with rutile-TiO 2 after chemical treatment with NH 4 VO 3 and (NH 4 ) 2 SO 4 . They emphasized that MB degradation may be achieved due to basic sites detected on the modified surface. On the other hand, Páez et al. [14] synthesized an H 2 -reduced rutile-TiO 2 xerogel of low specific surface area with a better MB-photodegradation capacity than both analogous anatase-TiO 2 xerogels and commercial Degussa TiO 2 -P25. The authors assumed that after thermal treatments, i.e. calcination at 700 °C and reduction at 400 °C under hydrogen flow, the high degree of reduction undergone by the rutile-TiO 2 caused a significant number of TiO 2 surface defect sites, increasing the number of active sites for the adsorption of MB. Thus, the MB-photodegradation capacity observed for rutileTiO 2 xerogel is possibly due to a combined effect of: (i) the sensitivity of rutile to visible light irradiation due to its low band gap and (ii) electron transfer from photoexcited MB adsorbed onto the TiO 2 xerogel surface, similar to the effect observed on the TiO 2 -P25 surface sensitized with phthalocyanines [15] [16] [17] or Ru(II) complexes [18] [19] [20] . Thermal treatment is also used to activate the TiO 2 surface for the chemical adsorption of polypyridil or porphyrin complexes [21] [22] [23] [24] [25] . Specifically, metallic- for the adsorption process [26] [27] [28] . Therefore, the TiO 2 -surface defect sites generated after thermal treatment have oxidation-reduction properties that favour a fast and stable adsorption of oxygen-containing organic molecules [4, 29] , such as carboxyphenyl porphyrins. In this context, it is interesting to take advantage of the high degree of reduction undergone by rutile-TiO 2 xerogel after thermal treatment (Ti-700), for the adsorption of well known and chemically stable tetracarboxy-substituted porphyrin photosensitizers.
In this work, the effect of nickel(II)-5,10,15,20-tetrakis(4-carboxyphenyl)-porphyrin adsorption (NiTCPP) on the MB-photodegradation activity of H 2 -reduced rutile-TiO 2 xerogel (Ti-700) was studied through the Langmuir-Hinshelwood kinetic model. Additionally, in order to provide a more complete approach of the catalytic mechanism and to investigate the influence of porphyrin in the MB-absorption capacity of the TiO 2 surface, a complementary study was performed and analyzed through pseudo-first-order and pseudo-second-order kinetic models. These adsorption kinetic models are typically used to study highly absorbent materials, such as activated carbons, carbon nanotubes, silica or alumina, and are rarely proposed to study photocatalysts like TiO 2 and functionalized-TiO 2 . In this work, the use of these kinetics models allowed; (i) to observe the effect of the porphyrin during the MB-adsorption process and (ii) to propose a spatial arrangement of the interaction between porphyrin and MB molecules into rutile-TiO 2 surface.
Experimental

Synthesis of H 2 -reduced TiO 2 xerogel
H 2 -reduced rutile-TiO 2 xerogel was prepared from tetraisopropoxy titanium(IV) (TIPT, 98% Janssen Chemical) in methoxyethanol (Sigma-Aldrich, 99.8%) according to a reported procedure [14, 30] 
Characterization
The crystalline structure of Ti-700 was determined by XRD with a Siemens D5000 Xray diffractometer using Cu-K radiation. The mean crystallite size, L, was estimated by transmission electron microscopy (TEM, JEOL JEM-4000EX) operated at an accelerating voltage of 400 kV. The texture of the xerogel was examined by nitrogen adsorption-desorption. Isotherms were measured with a Fisons Sorptomatic 1990. These isotherms provide the specific surface area, S BET , and the specific pore volume calculated from the nitrogen adsorbed volume at saturation, V p [30, 33] . UV/vis spectra of methanolic solutions were obtained on a Genesys 10S UV-vis (Thermo Scientific).
UV/vis diffuse reflectance spectra (DR-UV/vis) of the dry powders were performed on a Varian Cary 5000 UV/vis/NIR spectrophotometer, equipped with a Varian External DRA-2500 integrating sphere, using BaSO 4 as the reference. The band gap energy of semiconductor material (E g ) was determined in accordance with the literature [14, 30] .
FT-IR spectra were recorded with a Bruker IS-88 spectrometer at room temperature in the region of 400-4000 cm -1 (resolution 4 cm -1 ; 16 scans/spectrum). . In all cases, the mixture was kept in the dark for 60 min to ensure that the adsorptiondesorption equilibrium was reached before irradiation. After a given irradiation time, the catalyst was removed by centrifugation and the remaining MB concentration in the solution was measured by light absorption of the clear solution at 664 nm.
Results
Catalyst characterization
As reported in previous studies [14, 30] , calcination at 700 °C leads to well defined diffraction peaks corresponding to the rutile phase with a maximum crystallite size, L, of 85 nm, as displayed in Table 1 . Both phenomena have been associated to a high degree of reduction in Ti-700 [14] .
DR-UV/vis spectra of all samples (Ti-NC, NiTCPP/Ti-NC, Ti-700, NiTCPP/Ti-700) are shown in Fig. 2 . In all four samples, which contain TiO 2 -xerogel, a maximal absorption band ( max ) is observed in the 310 -360 nm region. This band corresponds to the O 2-(2p)  Ti 4+ (3d) charge transfer process in TiO 2 (anatase:  max = 325 nm; rutile:  max = 350 nm) [37] . In addition, two new bands appear in spectra of NiTCPP/Ti-NC and NiTCPP/Ti-700 at around 416 and 528 nm (Fig. 2) . Typically, these absorptions are found in metallic-porphyrins and correspond to Soret bands and Q bands, respectively [26] . In the free-NiTCPP sample, these bands are found at 405 and 425 nm (Fig. 2) .
The UV/vis spectroscopy analysis (at 410 nm) of the methanolic solutions (before and after the NiTCPP-adsorption process) showed that the amount of NiTCPP adsorbed by the xerogel decreased from 7.13 mol g -1 for Ti-NC to 6.27 mol g -1 for Ti-700.
However, the amount of NiTCPP adsorbed by surface area unit increased significantly: from 0.016 molecules nm -2 on Ti-NC to 1.88 molecules nm -2 on the Ti-700 surface.
These values were calculated by dividing the number of NiTCPP-molecules adsorbed (per gram of support) by the specific surface area, S BET , of each TiO 2 -xerogel (Table 1) .
Adsorption kinetics of methylene blue
To study the effect of the presence of porphyrin in MB-adsorption kinetics on the Ti-700 and Ti-NC surfaces, two kinetic models were applied: (i) the pseudo-first-order model; and (ii) the pseudo-second-order model. Both models describe the adsorption rate based on the adsorption capacity of the support. In accordance with Ho [38] , the pseudo-first-order model can be written as:
where q eq (mol g -1 ) and q t (mol g -1 ) are the adsorption capacities (or the amounts of MBadsorbed) at equilibrium and at time t (s), respectively and k 1 (s -1 ) is the constant of the pseudo-first-order kinetic. Integration of Eq. 1, with the integration limits of t = 0 to t = t and q t = 0 to q t = q t , yields:
Alternatively, Ho and McKay [38, 39] proposed that the driving force of the adsorption process is proportional to the available fraction of surface active sites. The kinetic equation rate can then be rewritten as [38] :
After variable separation and integration (t = 0 to t = t and q t = 0 to q t = q t ), Eq. (3) gives:
The kinetic experimental data were correlated and fitted to the kinetic models, Eq. 2 and Eq. 3. Fig. 3 compares the behaviour of q t as a function of t in these models, with the experimental data obtained for Ti-NC, NiTCPP/Ti-NC, Ti-700 and NiTCPP/Ti-700. For all catalysts, the pseudo-second-order model provided the best correlation of the kinetic experimental data. From the pseudo-second-order kinetic model, it can be observed that for the uncalcined sample (Ti-NC), the k 2 and q eq values ( (Table 2) . Additionally, after porphyrin adsorption onto the Ti-700 surface, the amount of MB adsorbed at equilibrium, q eq , increased from 1.26 to 2.83 μmol g -1 , for Ti-700 and NiTCPP/Ti-700, respectively.
Photocatalytic activity
The activities of the catalysts were evaluated in the photoconversion of MB at room temperature, under visible light irradiation. The control tests confirmed that MB was not degraded (i) in the dark in the presence of catalyst; or (ii) under light irradiation in the absence of catalyst (referred to as black, Fig. 4 ). The evolution of MB concentration as a function of time is shown in Fig. 4 . As shown in Fig. 4 , all reactions were allowed to stand in the dark for a period of 60 min, in order to establish adsorption equilibrium.
As reported in section, after 60 min in the dark, about 20% of MB was adsorbed onto the Ti-700 surface, whereas around 7% of MB was adsorbed onto other catalysts. After the light was turned on for 120 min, the MB-concentration continued to decrease.
During the irradiation period, MB-photodegradation data were analysed using the Langmuir-Hinshelwood kinetic model [13, 40] :
where r S is the specific degradation reaction rate of MB (mol L where C 0 is the initial concentration (mol L -1 ) and t the irradiation time (s). In all cases, a satisfactory linearity was obtained by applying Eq. 7 (Fig. 5) . Values of the apparent first-order constant, k app , are reported in Table 2 . No significant photocatalytic activities were found in the non-calcined samples, Ti-NC and NiTCPP/Ti-NC, which showed k app values of about 2.17 x 10 -5 s -1 . However, a significant increase in k app , was observed after adsorption of Ni(II)-porphyrin onto the Ti-700 surface ( Table 2 ). The sample calcined and reduced without porphyrin (Ti-700) showed an apparent photoconversion constant of 3.3 x 10 -5 s -1 , whereas the TiO 2 -xerogel after porphyrin adsorption displayed a constant of 7.2 x 10 -5 s -1 (Table 2 ).
Discussion
The changes observed in the physicochemical properties of TiO 2 xerogel after calcination at 700 °C and high temperature reduction at 400 °C under hydrogen flow (Ti-700) are in accordance with results found in the literature [14, 30] : (i) the formation of TiO 2 -rutile as a unique crystalline phase; (ii) the growth of the crystalline size, L, to 85 nm (Table 1) ; (iii) a strong decrease in the specific surface area, S BET , from 260 to about 2 m 2 g -1 (Table 1) ; (iv) a decrease in the band-gap energy, E g , from 3.61 to 3.04 eV (Table 1) ; (v) the elimination of a large proportion of the surface groups: H 2 O and -OH (Fig. 1) ; and (vi) an increase in the number of TiO 2 -surface defect sites (oxygen vacancies) as a consequence of the high degree of reduction of Ti-700, which can be detected by the increase in the entire IR-background of the sample after thermal treatment (Fig. 1, [14] ).
Several reports show that applying thermal treatment to titanium dioxide can lead to structural changes, which are characteristic of diffusion processes associated with the increased mobility of lattice defects and with changes in oxygen vacancies in the TiO 2 -lattice (such as Ti 3+ ). These changes can affect the adsorption processes through the presence of TiO 2 surface defect sites. In fact, a previous study [14] showed that after calcination at 700 °C and hydrogen reduction at 400 °C, the loss in the specific surface area observed in TiO 2 -xerogels was compensated by an increase in the number of Ti-700 surface active sites for the adsorption of methylene blue (MB). In a similar way, several studies have also proposed the use of a thermal pretreatment of TiO 2 for the adsorption of dyes, using temperatures of between 400 and 550 °C, for 30 min [21] [22] [23] [24] [25] .
This thermal treatment is used because the TiO 2 -surface defect sites generated have oxidation-reduction properties that favour the adsorption of oxygen-containing organic molecules [4, 29] , such as is observed in the adsorption of NiTCPP onto the Ti-NC and
Ti-700 surfaces. The UV/vis spectroscopy analysis of the methanolic solutions here showed that, after calcination/reduction treatment, the amount of NiTCPP adsorbed by area unit onto the Ti-NC surface increased by almost 120 times: from 0.016 molecules nm -2 for Ti-NC to 1.88 molecules nm -2 for Ti-700. In accordance with Cherian and
Wamser [24] , up to around 0.43 molecules of tetracarboxy-porphyrin would be supported by surface area unit (nm 2 ) when porphyrin is adsorbed in a flat geometry and around 1.66 molecules by nm 2 would be supported when porphyrin is adsorbed due to the well-packed edgewise stacking molecules. This means that the formation of the porphyrin-layer presumably occurs: (i) on the Ti-NC surface with flat geometry (0.016 < 0.43 molecules nm -2 ); and (ii) on the Ti-700 surface with a well-packed edgewise stacking porphyrin molecules or with a variety of different adsorption modes including multilayers.
In the DR-UV/vis absorption spectra of the Ti-NC and Ti-700 samples (Fig. 2) , some changes were observed after the NiTCPP-adsorption process. Two new absorption bands of around 410 nm and 530 nm revealed the presence of tetracarboxy-porphyrin on the TiO 2 -xerogel surfaces. In addition, a bathochromic shift in the Soret and Q bands of free-NiTCPP was found after NiTCPP-adsorption (NiTCPP/Ti-NC and NiTCPP/Ti-700). This small red shift can be attributed to new interaction between porphyrin and the TiO 2 -xerogel surface. These interactions may take place via delocalized* porphyrin electrons in the conduction band of the TiO 2 -xerogel [27] , where the geometric orientations of adsorbed-porphyrin may play an important role [41] .
In order to obtain information regarding the MB-adsorption mechanism on the surface of TiO 2 xerogels, a study of adsorption kinetics of methylene blue was carried out applying two kinetic models: the pseudo-first-order model and the pseudo-second-order model. Significant changes in the MB-adsorption rate of H 2 -reduced rutile-TiO 2 xerogel (Ti-700) were observed as a consequence of the presence of NiTCPP on its surface (NiTCPP/Ti-700). On the one hand, the comparison of the experimental kinetic data shows that the adsorption rate of MB onto NiTCPP/Ti-700 was higher than that obtained on other surfaces: Ti-700, Ti-NC and NiTCPP/Ti-NC (Table 2) . On the other hand, while the kinetic data for Ti-NC, Ti-700 and NiTCPP/Ti-NC showed a good concordance with both kinetic models, the kinetic data of NiTCPP/Ti-700 showed better agreement with the pseudo-second-order model (Fig. 3a-b) . This means that in all catalysts, the kinetic order is two with respect to the number of available active sites (q eq -q t ) for MB adsorption; see Eq. 1 and Eq. 3. Therefore, the rate expression is not only described by the adsorption capacity of the TiO 2 xerogels; other phenomena should also be considered, such as chemical bonding (chemisorption phenomena) between MB and the TiO 2 -surface [39] . From parameters obtained through the pseudo-second-order model (q eq , k 2 , Table 2 ), it was observed that the effect of NiTCPP adsorption was more perceptible in Ti-700 than in Ti-NC. The presence of NiTCPP on the Ti-700 surface increased by almost 2 times the adsorption capacity at equilibrium (q eq ) and by 1.8 times the value of the rate constant, k 2 . These phenomena may result from a complexation reaction between MB and porphyrin adsorbed onto the Ti-700 surface, similar to the complexation between MB and tetrakis(4-sulfonatophenyl)phorphyrin (TSPP) studied by Hamai and Satou [42] . These authors reported that MB forms complexes with organic anions such as naphtalenesulfonates, 2-anthracenesulfonate and TSPP in aqueous solutions. From reaction 1:
MB + TSPP  MB-TSPP (1) it is proposed that the formation of MB-TSPP complex occurs through interaction between the negatively charged sulphonatophenyl moiety of TSPP and MB, which bears a positive charge.
The structure of the MB cation is shown in Figure 6 
MB + OH   degradation products
In all cases, the expression for the rate equation is similar to the one derived from the L- , and a diminution in the band-gap energy (to 3.02 eV).
Calcination/reduction treatment also caused an increase in the number of TiO 2 -surface active sites for the NiTCPP-adsorption, presumably as a consequence of the mobility of lattice defects and changes in oxygen vacancies in the TiO 2 -lattice.
Repeatedly, the presence of NiTCPP-molecules in the H 2 -reduced rutile-TiO 2 xerogel surface led to a significant enhancement in its MB-adsorption capacity and in its MBphotocatalytic capacity, under visible light irradiation. On the one hand, the kinetic studies of all samples showed that the MB-adsorption process may be mainly governed by chemisorption phenomena. This was demonstrated by the fact that NiTCPP/Ti-700 was found to be the system showing the highest performance, with q eq and k 2 values of up to 2 times higher than those displayed by the other samples (NiTCPP/Ti-NC, Ti-700
and Ti-NC). This result was probably achieved due to the generation of new rutile-TiO 2 surface active sites for MB-adsorption with high electronic density, such as carboxyporphyrin substituent groups. On the other hand, NiTCPP/Ti-700 also showed the best MB-photodegradation activity, up to 2 times higher than that of rutile-TiO 2 without porphyrin (Ti-700). This efficiency in the MB-photocatalytic activity of NiTCPP/Ti-700 could be due to a combined effect of the potential photosensitivity of the rutile-TiO 2 band gap, the increase in MB-adsorption capacity and the electron transfer from photoexcited porphyrin to the surface of Ti-700. 
